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We produce the green phosphor Ca14-xEuxMg2[SiO4]s (CEMSO) to be a part 
of the white light emitting diodes (WLEDs), short for diodes that generate 
white illumination. It has wide emission spectra, reaching highest value as 
505 nm when excited at the wavelength of 400 nm, which is caused by the 
4f 65d-4f 7 shift (excited state to ground state) in an ion of Eu**. The dipole- 


dipole interactivity appeared to be main energy shift method for the electric 

multipolar nature in CEMSO. We determine the critical distance to be 12.9 

Keywords: A as well as 14.9 A via a critical Eu2* concentration and theory of Dexter 

F regarding the energy shift. The CEMSO is integrated into the phosphor 

Car4xEuxMgo[SiOu]s nein of a EE A ian for Sen the UV-LED (395 

Color homogeneity nm). The impacts of CEMSO concentrations on UV-LED performances are 

Luminous flux determined. Significant improvements in chromatic uniformity and luminous 

Monte Carlo theory output of the WLED are reported. The color rendering index (CRI) is not 
White light emitting diodes 


promoted, but this can be addressed by combining CEMSO green phosphor 
with red-luminescence materials, for example, red quantum dots or red 
phosphors. 
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1. INTRODUCTION 

The white light emitting diode (WLED) devices have been considerably recognized for their certain 
advantages, including power-economical feature, significant durability, limited impact in environment [1], 
[2]. On the other hand, there are existing limitations for WLEDs to widely utilized as an efficient lighting 
alternative to the standard fluorescent lights. It is possible to produce white illumination through coating the 
LED chip generating blue illumination with a yellow phosphor, commonly YAG:Ce*. This WLED package 
yields significant lumen efficacy reaching to almost 200 Im/W"! [3], but it also yields inferior color rendering 
index (CRI) value because of the shortage of red-light element. Additionally, different from the phosphor 
YAG:Ce**, the majority of phosphors do not possess absorption band wide enough to match the excitation 
wavelength between 440 nm and 460 nm [4]. To overcome such limitation, researches have proposed a 
WLED version that possesses remarkable features of chromatic generation, surpassing the standard WLEDs 
[5]. There have been certain promising attempts at creating phosphors used for LED devices such as oxide 
[6], [7], oxyfluoride [8]—[10], nitride [11], [12], and oxynitride latticework [13], [14] excited under close-UV 
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light. However, it is essential to make further developments in phosphor materials for great performance, 
greater heat consistency, and chromatic features to meet the demands of quick development of solid state 
illuminating technology. 

Among various phosphor bases, the alkaline earth silicate phosphor is an excellent option for 
improving the WLED quality because they offer remarkable heat consistency, chemical consistency as well 
as great performance [15]. According to a previous study, the bredigite Caı4Mg2[S104]s (CMSO) possesses a 
strong absorption band under the near-UV or blue excitation, making it suitable for the white LED 
production [16]. Studies on CMSO as a phosphor host for rare-earth ion dopants were also conducted and 
demonstrated the significant enhancement in luminescence intensity [17], [18]; for example, the Eu7*- 
activated CMSO exhibits strong green emission with luminescent improvement of ~142% [19]. Though the 
research on Eu**-activated CMSO was made, they focused on the structure and luminescence of the phosphor 
and barely discussed its effects on the WLED configuration. Thus, in this work, we utilized Caj4. 
xEuxMg-[Si04]s (CEMSO) phosphor to produce a WLED package. The influences of the phosphor’s presence 
on the WLED lighting are monitored through varying the phosphor concentrations. The Eu* energy-shift 
mechanism is reviewed in section 2 with equations based on theory of Dexter. The examined WLED 
comprised of the InGaN LED chip with Aq, equal to 395 nm, YAG:Ce** phosphor, and Eu?*-activated 
CMSO phosphor. The lighting features assessments include the color temperature uniformity, the luminosity, 
and chromatic rendering performance of the as-prepared WLED. Findings of this work show that the 
CEMSO enhances the WLED luminosity and color distribution homogeneity with its increasing 
concentration. The color rendition performance declines with higher CEMSO weight percentages, but this 
can be improved by combining with red-emission materials. 


2. METHOD 
2.1. Making Ca1s-xEuxMg2[Si04]s phosphor 

We synthesised CEMSO in powder form via solid-phase reaction route. The materials used for the 
synthesis include CaCO3, MgO, SiO2, and Eu203 with high purity of 99.9%. The Eu concentration is constant 
at 0.3 mol% [18], [19]. All ingredients were mixed by grinding and subsequently subjected to a 4-hour 
heating phase at different temperatures in the range of 1373—1673 K under reducing atmosphere of 5%H2- 
95%N2. The room-temperature photoluminescence spectrum of the phosphor powder was determined with a 
luminescence spectrophotometer from Hitachi Co., Japan (Hitachi F-4500, 300-700 nm scanning 
wavelengths). The phosphor’s quantum yield was obtained via the quantum efficiency measuring system of 
Otsuka electronics QE-1000 excited at the wavelength of 400 nm. For the measurement of the diffuse 
reflectance absorption spectrum, an UV-visible spectrophotometer from Varian manufacturer (the Cary 500, 
200-600 nm) was applied [9], [20]-[22]. 

Our group prepared the LED apparatus through utilizing a composition containing CEMSO, yellow 
phosphor, and translucent silicone resin over the InGaN LED chip with Amax equal to 395 nm, illustrated in 
Figure 1. To determine the electroluminescence, we put the separate LED apparatus built up on m-plane GaN 
over the silver headers linked with golden wires to form electric functioning. Afterwards, we covered the 
apparatus with a phosphor/silicone compound, positioned over the headers and cured afterwards. Following 
the procedure, we took measurements of the device within a sphere with DC bias forward current. We 
replicated the phosphor layer in the WLED’s silicone films through LightTools 9.0 along with the Monte 
Carlo method. Two essential phases make up the recreation process. First, we must choose and prepare 
design samples with the desired lighting properties for WLED lights. Second, our team modifies CEMSO 
amounts to monitor the changes in the performance of prepared WLEDs. The examinations are monitored 
under different correlated color temperature (CCT) ranges of 3000-5000 K and 6000-8000 K. 


Figure 1. The WLED apparatus model built by using LightTools 9.0 with Monte Carlo method 
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2.2. Spectra optimization of the CCT 
The close relationship between the peak location, the intensity of emission and the Eu”* substitution 
can be demonstrated with the change in Eu concentration. As the concentration of Eu** goes up, the emission 
band with A,, equal to 400 nm moves to larger wavelength, which is caused by the reabsorption among the 
ions of Eu”, instead of the shifts in the crystal field surrounding Eu**, determined by the following 
formula [23]: 
= Ze?rt 


A=Dq= a) 


6R5 


In the formula, Dq represents the crystal field with octahedral symmetry. R the ion’s range of separation in 
the center and the ligand of the ion. Z represents the anion’s charge or valence. e represents the electron’s 
charge. r represents the d wavefunction’s radius. The cutting of the crystal field, therefore, would not be the 
primary cause of red shift because of the ion radius for 8-coordinate Ca% being inferior to Eu™ (1.12 A 
compared to 1.25 A). The most desirable concentration of the Eu? dopant was 0.3 mol%. More than 0.3 mol% 
of Eu in the phosphor composition could induce the reduction in the relative emission intensity, which is also 
known as the result of concentration quenching. It is possible to determine the energy shift’s critical distance, 
represented by R,, for the phosphor CEMSO using the structure-related parameters such as the unit’s cell 
volume (signified via V), the amount of Eu* locations for each unit cell (represented by N) as well as the 
critical concentration (represented by X,) [24]: 


3v y 2) 


Rew2 ( 

ATXcN 
In the formula, R, indicates the disassociation among the nearest ions of Eu™ at the critical distance. With V 
equal to 1356.5 À, N equal to 8, X, equal to 0.3, the Eu”* critical shift distance for CEMSO would be roughly 
12.9 A. In addition, the Dexter theory is utilized to determine the shift for the electric dipole-dipole 
interactivity as the symmetry allowed shifts of Eu** are involved [24]. According to Blasse, R, can be 
determined by the formula [25]: 


PSA = |, A"|HsalS*, AN? f gs(E)ga(E)dE (3) 
RE = 0.63 X 1028 48X20 f A (E)F,(E)dE (4) 


In the formulas, P represents oscillator power for the ion of Eu™. E represents energy for the maximal 
intersection of spectrum. ff;(E)F,(E) or the spectrum intersection integral, indicates the result for 
normalized spectrum forms for emission as well as excitation. The E and f f¢(F)F,(E) results are attained via 
the information of spectrum displayed by Figure 2. In case of P respective to the wide 4f 7 => 4f °5d 
absorption band, we acquire the result of 107 [25], [26]. We acquire the E and f f,(E)F,(E) results through 
the spectrum, determined to be 2.66 eV and 1.88 x 10°eV"!. From 4, we determined the R. of the CMS:Eu** 
energy shift to be 14.9 A. 


3. RESULTS AND DISCUSSION 

Figure 2 shows that the proportion of the green phosphor CEMSO percentage to the yellow 
phosphor YAG:Ce** amount is reversed, which indicates that the mean CCT rates remain sustained. The 
variation of phosphor concentrations also promotes the scattering and absorption of the phosphor, resulting in 
the changes of chroma-distribution performance along with lumen output of the WLED device. In other 
words, by regulating the amount of CEMSO in the phosphor compound, the enhancement in better color 
coordination is achievable. The figure shows that increasing the CEMSO weight percentage (wt%) from 2 to 30, 
the YAG:Ce?* wt% declines, especially when observed under CCT ranges 7000-8000 K. In the case of the 
lower CCT ranges of 3000-5000 K Figure 2(a), the YAG:Ce* concentration also decreases with the increase 
in CEMSO wt%, but the decrease is not as significant as that obtained under 6000-8000 K Figure 2(b). These 
findings indicate that the high wt% of CEMSO can boost the luminous output of the WLEDs with the CCT 
ranges >5000 K. 
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Figure 2. Adjusting the phosphor ratio to maintain the median CCT: (a) 3000-5000 K and (b) 6000-8000 K 


The transmission band of WLEDs is affected by the integrating amount of the green phosphor 
CEMSO, as seen in Figure 3. The emission power of the WLED is monitored under two specific CCT levels 
of 6000 K Figure 3(a) and 8000 K Figure 3(b), and the concentration of CEMSO green phosphor varies from 
2 wt% to 26 wt%. In both figures, increasing CEMSO concentrations stimulates the emission power in 
green-yellow region (~545-590 nm) while decreasing the emission peak intensity in blue region (~450 nm). 
The decrease in blue-emission peak intensity is more significant with the CCT preset of 6000 K. Besides, 
when the concentration of CEMSO phosphor increase, the emission peak shifts from yellow region (580 nm) 
to green region (545 nm). Such results are attributed to the efficient blue-light absorption and conversion of 
the CEMSO phosphor. Moreover, the higher CEMSO amount leads to the lower YAG:Ce** amount, leading to 
the shift of the emission peak from yellow to green regions. Additionally, the stronger blue and yellow-green 
emission intensities are noticed with the 8000-K CCT preset, implying that the CEMSO phosphor is capable of 
enhancing the luminosity of the WLED with high chroma temperature. 
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Figure 3. Emission peaks and distribution of generated white light with different CEMSO concentrations: 
(a) 6000 K and (b) 8000 K 


To validate the ability to enhance the WLED luminosity of the CEMSO phosphor, the lumen-output 
results are displayed in Figure 4. Here, two sets of CCT levels of 3000-5000 K Figure 4(a) and 6000-8000 K 
Figure 4(b) are taken into account, while the CEMSO phosphor wt% is from 2 to 30%. With increasing 
CEMSO amounts, the luminous flux intensity increases with all CCT levels, except the CCT presets of 
3000 K and 4000 K. Particularly, with the higher concentration of the green phosphor, the luminous intensity 
at 3000 K slightly slips, while that at 4000 K is relatively stable. Meanwhile, at the other CCT presets, we 
can observe a great growth in the luminosity of the WLED apparatus. This can be attributed to the lower 
blue-light utilization when the yellow phosphor amount is still high. The high concentration of yellow 
phosphor can cause significant reabsorption of scattered blue and green light, which induces the transmission 
energy loss for the declining lumen output. Thus, the CEMSO phosphor proves to be appropriate for the 
WLED apparatus with the CCT presets larger than 5000 K. 
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Figure 4. Luminosity of WLED apparatuses with different CEMSO concentrations: (a) 3000-5000 K and 
(b) 6000-8000 K 
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As the concentration of CEMSO varies, the distribution of light at different wavelengths changes. 
Referring to Figure 3, the emission peak shift from yellow to green is noticed, showing that the color 
variation levels possibly decline for a more uniform color spread on the chroma scale. The delta CCT, used to 
assess the color differences between the maximum and minimum CCT values at a specific CCT and CEMSO 
concentration, is determined and depicted in Figure 5. The notable fluctuation of delta CCT is noticed in the 
case of 3000-5000 K Figure 5(a). Meanwhile, the delta CCT monitored at 6000-8000 K gradually declines on 
the rising CEMSO amount see Figure 5(b). However, in general, the increase of CEMSO wt% reduces the 
color deviation in all CCT presets. The fluctuation in delta CCT under lower CCT preset can be attributed to 
the high reflection of converted light by high yellow-phosphor amount. Based on the findings, the CEMSO 
green phosphor is superior in enhancing the color uniformity high-CCT WLED packages, which is often 
regarded as a challenge in developing novel phosphor materials for LED devices. 

The color rendering index (CRI) of the WLED with CEMSO green phosphor is also crucial. As 
expected, the increasing CEMSO concentration reduces the CRI, regardless of monitored CCT presets see 
Figure 6. However, considering the CRI between CCT levels at the same CEMSO concentration, 3000-5000 K 
in Figure 6(a) and 6000-8000 K in Figure 6(b), the higher CCT level exhibits the greater CRI value. This 
shows the potential of CEMSO in regulating the chromatic rendition efficiency at high color temperatures for 
the WLED model. To further discuss the CEMSO’s chromatic rendition influence, the color quality scale 
(CQS), a more comprehensive parameter for chromaticity assessment, is utilized. The obtained CQS levels 
with various CEMSO amounts from 2 wt% to 30 wt% are depicted in Figure 7. The difference in CQS 
between two sets of CCT, from 3000-5000 K Figure 7(a) to 6000-8000 K Figure 7(b), is notable. In the low 
CCT preset, the CQS declines gradually, similar to the trend of the CRI. Nevertheless, the CQS monitored 
under higher CCT preset shows an increase before dropping. In particular, the CQS reaches its peak at the at 
the CEMSO concentration of 8 wt%, in 6000-8000 K. The CQS takes into account the CRI and color 
coordinating performance, thus the exhibited increase could be attributed to the lower CCT deviation (higher 
color uniformity). So, the green phosphor CEMSO proves its efficiency in improving the light emission 
uniformity and rendering performance. The high CRI requires red-light energy, so we can improve the CRI 
by combining the CEMSO with another commercial red phosphor; however, their concentrations must be 
adjusted to obtain the optimal results. Therefore, we will investigate such topics in future works. 
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Figure 5. The delta CCT of WLED apparatuses with different CEMSO concentrations: (a) 3000-5000 K and 
(b) 6000-8000 K 
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Figure 6. CRI levels of WLED apparatuses with different CEMSO concentrations: (a) 3000-5000 K and 
(b) 6000-8000 K 
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Figure 7. CQS levels of WLED apparatuses with different CEMSO concentrations: (a) 3000-5000 K and 
(b) 6000-8000 K 
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4. CONCLUSION 

The study herein demonstrates the green phosphor CEMSO produced using the solid state reaction 
with a fixed Eu concentration of 0.3 mol%. The CEMSO concentrations have noticeable influences on the 
WLED apparatuses. When increasing the green phosphor amounts, the emission peak shifts from yellow to 
green as the concentration of yellow phosphor declines. The green phosphor CEMSO proves its efficiency in 
improving the light emission uniformity and rendering performance. With 8 wt% of CEMSO, the CQS 
exhibits the highest value. The luminosity of the WLED shows improvement with higher CEMSO 
concentrations, especially in the 6000-8000 K CCT presets. However, the high CRI of the generated white 
light shows a reduction on the increasing CEMSO concentrations, due to the unresolved red-component 
shortage. The CEMSO phosphor can be used with other red phosphors to overcome this issue. Overall, 
according to results, the CEMSO green phosphor is effective in enhancing the WLED’s illumination efficacy 
under high CCT ranges (>5000 K). 
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